Introduction c-Cbl, the cellular homolog of the transforming gag-vCbl protein encoded by the murine Cas NS-1 retrovirus (Blake et al., 1991) , is expressed in a wide variety of cell types and becomes tyrosine phosphorylated in response to the stimulation of various multichain immune recognition receptors (Cory et al., 1995; Donovan et al., 1994; Fukazawa et al., 1995a; Hartley et al., 1995; Kim et al., 1995; Marcilla et al., 1995; Tanaka et al., 1995) , cytokine and growth factor receptors (Anderson et al., 1997; Barber et al., 1997; Bowtell and Langdon, 1995; Brizzi et al., 1996; Fukazawa et al., 1996; Galisteo et al., 1995; Odai et al., 1995; , integrins (Manie et al., 1997; Meng and Lowell, 1998; Ojaniemi et al., 1997 Ojaniemi et al., , 1998 ) and T-cell accessory molecules (Zell et al., 1998) . c-Cbl can interact with other proteins in both SH2-dependent and SH2-independent ways (Andoniou et al., 1996; Barber et al., 1997; Bowtell and Langdon, 1995; Buday et al., 1996; de Jong et al., 1995; Deckert et al., 1998; Donovan et al., 1994; Feshchenko et al., 1998; Fournel et al., 1996; Fukazawa et al., 1995b Fukazawa et al., , 1996 Galisteo et al., 1995; Hartley et al., 1995; Ingham et al., 1996; Khwaja et al., 1996; Kim et al., 1995; Marcilla et al., 1995; Miyake et al., 1998; Ojaniemi et al., 1997; Reedquist et al., 1996; Ribon et al., 1996; RiveroLezcano et al., 1994; Sattler et al., 1996; Sawasdikosol et al., 1996; Smit et al., 1996; Tsygankov et al., 1996) . SH2-dependent interactions of c-Cbl are mediated by its phosphotyrosine residues mapped to tyrosines 700, 731 and 774 .
It was initially suggested that c-Cbl is a transcriptional regulator (Blake et al., 1991) . However, it was later determined that c-Cbl and its transforming mutant forms, other than v-Cbl, were cytoplasmic proteins, and that stimulation did not cause their translocation to the nucleus (Blake et al., 1993) . The presence of various interactive sites, such as phosphotyrosine residues , proline-rich motifs (Blake et al., 1991) , and a non-SH2 phosphotyrosine-binding domain (Lupher et al., 1996) , in the cCbl molecule suggests that c-Cbl acts as a multivalent adaptor protein. Several reports have been published implicating c-Cbl in the negative regulation of protein tyrosine kinase-mediated signaling (Bonita et al., 1997; Bowtell and Langdon, 1995; Levkowitz et al., 1998; Miyake et al., 1998; Ota and Samelson, 1997; Thien and Langdon, 1997; Yoon et al., 1995) . Furthermore, c-Cbl has recently been implicated in the regulation of adhesion in T cells (Zell et al., 1998) and macrophages (Meng and Lowell, 1998) . Therefore, biological functions of c-Cbl remain to be elucidated.
Phosphatidylinositol-3' (PI-3') kinase and Crk-family adaptors are among prominent proteins interacting with c-Cbl through SH2/P-Tyr interactions (Andoniou et al., 1996; Barber et al., 1997; Buday et al., 1996; de Jong et al., 1995; Fukazawa et al., 1995b Fukazawa et al., , 1996 Hartley et al., 1995; Ingham et al., 1996; Khwaja et al., 1996; Kim et al., 1995; Ojaniemi et al., 1997; Reedquist et al., 1996; Ribon et al., 1996; Sattler et al., 1996; Sawasdikosol et al., 1996; Smit et al., 1996) . Several ®ndings are consistent with the idea that PI-3' kinase is involved in the regulation of cell adhesion and morphology (Lakkakorpi et al., 1997; Meng and Lowell, 1998; Nakamura et al., 1997; Nobes et al., 1995; Reif et al., 1996; Rodriguez-Viciana et al., 1997; Zell et al., 1998) , as well as in the regulation of cell motility and invasiveness (Derman et al., 1997; Keely et al., 1997; Shaw et al., 1997) . In turn, Crk-family adaptor proteins speci®cally interact with the guanine nucleotide exchange factor C3G capable of activating the small GTPase Rap1 (Ichiba et al., 1997; Knudsen et al., 1994; Tanaka et al., 1994) . The latter has been shown to suppress Ras-induced transformation of ®broblasts, inhibiting their anchorage-independent growth and partially reverting their morphology tō at (Kawata et al., 1988; Kitayama et al., 1989) . Furthermore, Rap1 appears to regulate cytoskeletal rearrangements in non-mammalian cells as well (Rebstein et al., 1997) .
Therefore, we analysed the eects of wild-type c-Cbl and its mutant forms lacking various tyrosine phosphorylation sites on adhesion, morphology and colony-forming eciency of v-Abl-transformed NIH3T3 cells. In this report we demonstrate that tyrosine phosphorylation of c-Cbl signi®cantly aects cell adhesion, morphology and colony-forming efficiency. These eects of c-Cbl correlate well with its ability to interact with PI-3' kinase and CrkL.
Results
Overexpression of wild-type c-Cbl facilitates adhesion and spreading of v-Abl-transformed NIH3T3 ®broblasts in cell culture Transformation of NIH3T3 cells by v-Abl abrogates their attachment to the substratum and changes their shape from¯at to round. Considering that c-Cbl interacts with proteins potentially involved in the regulation of cell morphology (see Introduction), we ®rst examined the phenotypes of NIH3T3 cells overexpressing wild-type c-Cbl or its tyrosine phosphorylation-defective form, Tyr 5 -4Phe. Overexpression of either wild-type or Tyr 5 -4Phe c-Cbl exceeding its endogenous level by 20 ± 30-fold failed to induce phenotypic changes in untransformed NIH3T3 cells, which remained¯at and attached to the substratum, and retained anchorage dependence and sensitivity to contact inhibition (data not shown). In contrast, overexpression of c-Cbl to a similar extent significantly aected v-Abl-transformed NIH3T3 cells. Although all the clones analysed demonstrated similar growth rates in culture (data not shown), a substantial portion of v-Abl-transformed NIH3T3 cells overexpressing wild-type c-Cbl regained the ability to attach to the substratum, whereas overexpression of Tyr 5 -4Phe induced only a minor increase in their attachment compared to the level corresponding to the empty vector control cells (Figure 1 ). The eect of c-Cbl on adhesion of v-Abl-transformed NIH3T3 cells was consistent with its eect on their morphology. Whereas vector controls were indistinguishable from parental v-Abl-transformed cells (data not shown), overexpression of wild-type c-Cbl reversed morphology of a large fraction of v-Abl-transformed NIH3T3 ®broblasts from round to¯at (Figure 2 ). In contrast, overexpression of the tyrosine phosphorylation-defec- Figure 1 The eect of c-Cbl overexpression on adhesion of vAbl-transformed NIH3T3 cells. Cell adhesion was analysed as described in Materials and methods. Each bar represents an independent cell clone. DNA used for retroviral transduction and designations for individual clones are indicated at the bottom of the ®gure. The results of an independent representative experiment from a total of four experiments are shown Figure 2 The eect of c-Cbl overexpression on morphology of vAbl-transformed NIH3T3 cells. Cells were grown to 50 ± 90% con¯uence in plastic Petri dishes and analysed by phase-contrast microscopy. Independent clones expressing wild-type or Tyr 5 -4Phe c-Cbl, as well as vector control clones, are designated as shown in Figure 1 . The results of an independent representative experiment from a total of six experiments are shown Overexpression of wild-type c-Cbl facilitates formation of focal adhesions and actin ®bers in v-Abl-transformed NIH3T3 ®broblasts
The eect of c-Cbl on both adhesion and morphology of v-Abl-transformed NIH3T3 cells correlates well with its eects on formation of focal adhesion complexes and actin ®bers. This has been determined by confocal microscopy of cells stained for F-actin and paxillin, a prominent component of focal adhesion complexes. Cells overexpressing wild-type c-Cbl demonstrated the presence of both focal adhesions and actin ®bers typical of untransformed NIH3T3 cells, whereas neither focal adhesions nor actin ®bers were detectable in v-Abl-transformed NIH3T3 cells overexpressing Tyr 5 -4Phe c-Cbl (Figure 3) . Consistent with the Figure 3 The eect of c-Cbl overexpression on formation of focal adhesion complexes and actin ®bers in v-Abl-transformed NIH3T3 cells. Cells overexpressing Tyr 5 -4Phe (a and e) or wild-type c-Cbl (b, c, d, f, g) were ®xed and stained with anti-Cbl (a ± g), phalloidin-Texas Red (a ± d) and anti-paxillin (e ± g) as described in Materials and methods. An LSM410 confocal microscope (Zeiss) and the manufacturer's software were used to analyse cell images. Anti-Cbl rabbit polyclonal IgG and anti-paxillin mouse mAb were visualized using secondary antibodies labeled with FITC (green) and Texas Red, respectively. No staining was detected with irrelevant antibodies (not shown). The results of an independent representative experiment from a total of three experiments are shown c-Cbl tyrosine phosphorylation facilitates cell adhesion EA Feshchenko et al results of phase-contrast microscopy, confocal images indicated that adherent v-Abl-transformed NIH3T3 cells overexpressing wild-type c-Cbl were mostly¯at, whereas those overexpressing Tyr 5 -4Phe c-Cbl were round or spindle-like and displayed long processes (Figures 2, 3 ).
Overexpression of wild-type c-Cbl suppresses anchorage-independent growth of v-Abl-transformed NIH3T3 cells
In addition to inducing morphological transformation of NIH3T3 cells, v-Abl renders them anchorageindependent. Considering that overexpression of wildtype c-Cbl in v-Abl-transformed NIH3T3 cells suppresses their morphological transformation, we also evaluated the eect of c-Cbl overexpression on colony-forming eciency of these cells in soft agarose, which is a measure of anchorage-independent growth. In these experiments overexpression of Tyr 5 -4Phe cCbl failed to signi®cantly aect anchorage-independent growth of v-Abl-transformed NIH3T3 cells, whereas overexpression of wild-type c-Cbl substantially inhibited it (Figure 4 : vector, wild-type and Tyr 5 -4Phe groups). Colony-forming eciency of several independent clones of each type was examined to con®rm that the observed response was linked to c-Cbl expression.
To fully assess the degree of variability among v-Abltransformed NIH3T3 cells overexpressing wild-type cCbl, we analysed two representative clones (wild-type A4 and A5) along with a clone exhibiting a lower degree of morphological reversion than do the majority of wild-type c-Cbl-overexpressing clones (wild-type C6). All the c-Cbl-overexpressing clones examined, including C6, showed a signi®cant decrease in their colony-forming eciency (see Figure 4 : vector, wildtype and Tyr 5 -4Phe groups).
Overexpression of c-Cbl causes no general inhibition of signaling in v-Abl-transformed NIH3T3 cells
Considering that the altered growth characteristics of cells in our experimental system are strictly dependent upon the tyrosine kinase activity of v-Abl and that interactions between wild-type c-Cbl and v-Abl may eectively reduce this activity and/or total protein tyrosine phosphorylation (for instance, by blocking binding of v-Abl to other substrates), we examined the total protein tyrosine phosphorylation, as well as the kinase activity, tyrosine phosphorylation and protein expression of v-Abl in the ®broblast cell lines studied. The results shown in Figure 5a indicated that overexpression of either wild-type or Tyr 5 -4Phe c-Cbl did not aect expression, enzymatic activity, or tyrosine phosphorylation of v-Abl. Likewise, overexpression of either form of c-Cbl did not aect total tyrosine phosphorylation in these cells. Furthermore, we analysed in these cells tyrosine phosphorylation levels of PI-3' kinase ( Figure 5b ) and FAK, a protein tyrosine kinase (PTK) crucially involved in regulation of cell adhesion and morphology (Clark and Brugge, 1995; Hanks and Polte, 1997) (data not shown). These experiments have demonstrated that tyrosine phosphorylation levels of these two proteins are not signi®cantly aected by c-Cbl overexpression. The only protein demonstrating dierential tyrosine phosphorylation in these cells is c-Cbl itself, since Tyr 5 -4Phe c-Cbl lacks all major tyrosine phosphorylation sites ( Figure 5b ). Therefore, the observed eects of wild-type c-Cbl overexpression on v-Abl-transformed NIH3T3 cells cannot be explained simply as a reduction in v-Abl-induced protein phosphorylation attenuating the transformed state. This conclusion is consistent with the eect of herbimycin, a potent PTK inhibitor, on v-Abltransformed NIH3T3 cells. Herbimycin, which dramatically inhibits the enzymatic activity of Abl PTK (Li et al., 1993; Okabe et al., 1992) , caused attachment of a small fraction of v-Abl-transformed NIH3T3 cells to the substratum, but simultaneously induced rapid and massive dying of these cells (data not shown). However, overexpression of wild-type cCbl showed no detrimental eect on cell viability. Therefore, inhibition of v-Abl kinase activity did not result in a phenotype identical to that induced by overexpression of wild-type c-Cbl in v-Abl-transformed NIH3T3 cells.
Another possible explanation for the observed eect of wild-type c-Cbl might be`trapping' of the bulk of SH2-containing proteins due to the presence of multiple phosphotyrosine residues in the c-Cbl molecule. This trapping would prevent interactions of SH2-containing proteins with their normal partners, thus causing a generalized inhibition of signal transduction in v-Abl-transformed cells. To assess the extent of c-Cbl binding to SH2-containing proteins, we determined the levels of CrkL, Fyn and Figure 4 The eect of c-Cbl overexpression on colony-forming eciency of v-Abl-transformed NIH3T3 cells. Colony-forming eciency of v-Abl-transformed NIH3T3 cells was analysed as described in Materials and methods. In each experiment the relative colony-forming eciencies were found by dividing those of individual clones by the mean of those of vector control clones. The colony-forming eciency of vector control clones varied between 1 and 10% in individual experiments. Each bar represents an independent clone. Mean values and standard errors for several experiments are shown. DNA used for retroviral transduction, clone designations and the number of experiments for each clone (n) are shown at the bottom of the ®gure. *The mean colony-forming eciency for this clone is signi®cantly (P50.05) dierent from that for one of the two Tyr 5 -4Phe-overexpressing clones studied. **The mean colony-forming eciency for this clone is signi®cantly (P50.05) dierent from that for both the Tyr 5 -4Phe-overexpressing clones studied PI-3' kinase in whole cell lysates and cell lysates depleted of c-Cbl. These are proteins known to interact strongly with c-Cbl (see Introduction and Figure 6a ). This analysis demonstrated that the bulk of p85, CrkL ( Figure 5c ) and Fyn (data not shown) remained in the cell lysates in spite of the removal of 85% of the total amount of c-Cbl. Therefore, c-Cbl co-precipitated with only a minor fraction of the cCbl-interactive proteins examined, arguing that c-Cbl is unlikely to sequester the bulk of these proteins in the cell. Furthermore, c-Cbl overexpression failed to interfere signi®cantly with the activation of ERK by PMA or pervanadate in v-Abl-transformed cells (data not shown), which would be likely if c-Cbl nonspeci®cally`trapped' SH2-containing proteins thereby inhibiting multiple signal transduction pathways. These ®ndings do not support the idea of a generalized inhibitory eect of c-Cbl overexpression on signaling in the cells studied.
Tyrosine phosphorylation of c-Cbl is required for its binding to v-Abl, PI-3' kinase and CrkL
The ®ndings described above suggested that the eects of wild-type c-Cbl on v-Abl-transformed NIH3T3 cells were dependent on its tyrosine phosphorylation status. Since tyrosine phosphorylation dramatically aects binding of c-Cbl to multiple proteins critically involved in cellular signaling, we examined the eect of the Tyr 5 -4Phe mutation on binding of c-Cbl to vAbl, PI-3' kinase and Crk-family adaptors. The choice of v-Abl was justi®ed by its central role in the transformation of the cells studied. Binding of PI-3' kinase was examined because of the involvement of PI-3' kinase in cytoskeletal rearrangements (Lakkakorpi et al., 1997; Nakamura et al., 1997; Nobes et al., 1995; Rodriguez-Viciana et al., 1997) , similar to those we found to be aected by c-Cbl overexpression. The choice of Crk adaptors was due to their potential involvement in the activation of the C3G/Rap1 pathway (Ichiba et al., 1997; Knudsen et al., 1994; Tanaka et al., 1994) , which appears to both revert morphology and suppress anchorage-independent growth of Ras-transformed ®broblasts (Kawata et al., 1988; Kitayama et al., 1989) . CrkL was the only protein of the Crk family examined in detail in these experiments, as expression of c-Crk was marginal in the cells studied.
Immunoprecipitation followed by immunoblotting was utilized to demonstrate protein-protein interactions in the same clones of v-Abl-transformed NIH3T3 cells that were previously examined for adhesion and morphology. These experiments have demonstrated that v-Abl, PI-3' kinase and CrkL each binds to wildtype c-Cbl, whereas their binding to the tyrosine phosphorylation-defective Tyr 5 -4Phe c-Cbl is severely impaired (Figure 6 ). Pretreatment of cells with pervanadate was routinely used in this type of The two rightmost lanes represent two identical samples of whole cell lysate of the wild-type c-Cbl-expressing A4 clone prior to depletion. The amounts of c-Cbl, p85 and CrkL in depleted and whole cell lysates of this clone were determined as described in Materials and methods. Percentages of these proteins remaining in cell lysates after HA-Cbl-depletion are indicated c-Cbl tyrosine phosphorylation facilitates cell adhesion EA Feshchenko et al experiment to increase tyrosine phosphorylationdependent interactions of c-Cbl, which were detectable with extended exposures in the absence of pervanadate (Figure 6b ). It should be noted that pervanadate did not induce the selective tyrosine phosphorylation of speci®c individual proteins, instead we observed a fourfold increase in the levels of tyrosine phosphorylation of all major protein substrates (Figure 6b and data not shown).
Enzymatic activity of PI-3' kinase is required for manifestation of the observed eects of wild-type c-Cbl
Strict correlation between the biological eect of c-Cbl and its binding to PI-3' kinase (see Figures 1 ± 4 and 6), which is thought to be involved in cytoskeletal responses (see Introduction), raised the possibility that c-Cbl/PI-3' kinase interactions linked c-Cbl to signaling pathways regulating cell adhesion and morphology. To test this hypothesis, we treated vAbl-transformed ®broblasts with wortmannin and LY294002, two unrelated speci®c inhibitors of PI-3' kinase (Arcaro and Wymann, 1993; Powis et al., 1994; Vlahos et al., 1994) . Both inhibitors dramatically reduced the eect of c-Cbl on adhesion in a wide range of concentrations (Figure 7a and b) . The observed eect was characteristic for all the clones examined ( Figure 7c ). Consistent with these results, the morphological changes induced in v-Abl-transformed NIH3T3 cells by overexpression of wild-type or Tyr 5 -4Phe c-Cbl were abrogated by wortmannin (Figure 8 ). These results indicated that the biological eects of cCbl were dependent on the enzymatic activity of PI-3' kinase, thus suggesting a role for PI-3' kinase in c-Cblmediated signaling.
A potential role for PI-3' kinase signaling in the eects of c-Cbl on v-Abl-transformed cells raised the possibility that the observed phenomena resulted from a decrease in cell viability, since PI-3' kinase appears to be a crucial element of anti-apoptotic regulation (Franke et al., 1997; Khwaja et al., 1997) . However, we failed to observe any signi®cant decrease in the percentage of viable cells in the inhibitor-treated cultures as compared to the control cultures (data not shown). Furthermore, apoptosis in v-Abl-transformed NIH3T3 cells was assessed by measuring the cytoplasmic level of DNA-histone complexes using a sandwich ELISA. It appeared that the level of apoptosis in these cells, whether constitutive or induced by serum starvation or the protein kinase C inhibitor Ro-31-8220 (Beltman et al., 1996) , remained unchanged by overexpression of either wild-type or mutant c-Cbl (data not shown).
Binding of c-Cbl to both PI-3' kinase and CrkL appears to be involved in the induction of biological eects
To evaluate further the contributions of PI-3' kinase and CrkL to the biological functions of c-Cbl, we examined the eects of c-Cbl mutant forms lacking binding sites for either PI-3' kinase or CrkL and compared them to the eects of wild-type and Tyr 5 -4Phe c-Cbl. Both tyrosine 700 and 774 have been previously identi®ed as CrkL-binding sites (Andoniou et al., 1996) , whereas tyrosine 731 has been implicated in PI-3' kinase binding (Liu et al., 1997) . Therefore, in these experiments we examined several independent clones of v-Abl-transformed NIH3T3 cells expressing either Y700F/Y774F or Y731F forms of c-Cbl. The analysis of their adhesion to extracellular matrix demonstrated that the loss of either site completely abrogated the adhesion resulting from overexpression of wild-type c-Cbl (Figure 9 ). It should be noted that although many individual cells in cultures of cell lines expressing mutant forms of c-Cbl appeared to be attached to the surface of a culture dish, this adhesion was very weak and could not withstand gentle washing Figure 8 The eects of wortmannin on morphology of v-Abltransformed NIH3T3 cells overexpressing wild-type or Tyr 5 -4Phe c-Cbl. Cell morphology was analysed as described in the legend to Figure 2 , except that wortmannin was added to each culture daily at a ®nal concentration of 0.5 mM. One representative clone per group is shown. The experiment was performed at least twice with each clone shown in Figure 2 , each time with similar results Figure 9 The eect of overexpression of dierent forms of c-Cbl on adhesion of v-Abl-transformed NIH3T3 cells. Cell adhesion was analysed as described in Materials and methods. Each bar represents an independent cell clone. DNA used for retroviral transduction and designations for individual clones are shown at the bottom of the ®gure. The results of an independent representative experiment from a total of three experiments are shown c-Cbl tyrosine phosphorylation facilitates cell adhesion EA Feshchenko et al with phosphate-buered saline (PBS). This ®nding was consistent with the lack of¯attening eect for either Y700F/Y774F or Y731F c-Cbl (Figure 10 ). Interestingly, these mutant forms appeared to aect differentially morphology of v-Abl-transformed NIH3T3 ®broblasts. Adherent cells overexpressing Y731F demonstrated typical refractile morphology with long processes, whereas cells overexpressing Y700F/Y774F frequently exhibited numerous short processes carrying adhesion structures (see Figure 10) . In contrast to their ability to induce cell adhesion, overexpression of either Y700F/Y774F or Y731F c-Cbl signi®cantly inhibited colony-forming potential of v-Abl-transformed cells (Figure 4) . However, the reduction caused by these mutant forms of c-Cbl was less pronounced than that caused by wild-type c-Cbl (see Figure 4) .
To evaluate further the contribution of proteinprotein interactions involving c-Cbl to the observed dierential eects of its mutant forms, we examined the association of c-Cbl with PI-3' kinase and CrkL utilizing co-immunoprecipitation followed by immunoblotting, as described above (see Figure 6 ). We found that expression of various mutant forms of c-Cbl in the v-Abl-transformed clones examined was comparable (Figure 11a and b) and that the eects of speci®c Tyr4Phe mutations on the tyrosine phosphorylation of cCbl were consistent with our previously published results . Namely, Y731F showed a slight decrease in the level of its overall tyrosine phosphorylation, whereas Y700F/Y774F contained considerably less P-Tyr than wild-type c-Cbl (see Figure 11a) . Importantly, these experiments demonstrated that Y731F was incapable of being coimmunoprecipitated with PI-3' kinase (Figure 11a ), whereas its binding to CrkL remained strong ( Figure  11b ). In turn, Y700F/Y774F could not be coimmunoprecipitated with CrkL (Figure 11b ), whereas its binding to PI-3' kinase remained detectable, albeit reduced (see Figure 11a) . The latter ®nding suggested that PI-3' kinase/c-Cbl interactions were, at least partially, dependent on phosphotyrosines 700 and 774. This dependence may be direct and/or mediated by CrkL molecules associated with these sites.
The results shown in Figure 11c indicated that the ability of the c-Cbl mutant molecules to bind to v-Abl was fully retained by Y731F c-Cbl, but reduced in Y700F/Y774F c-Cbl. This ®nding may be due to direct binding of v-Abl to phosphotyrosines 700 and 774 and/ or to the signi®cant contribution of CrkL to the interactions between v-Abl and c-Cbl. It should be noted that tyrosine phosphorylation of Y700F/Y774F c-Cbl was dramatically reduced as compared to wildtype c-Cbl (Figure 11a ). Furthermore, tyrosine phosphorylation of Y700F/Y774F c-Cbl in v-Abl immune complexes was undetectable (Figure 11c ). These ®ndings suggest that tyrosine 731 is a less prominent substrate site for v-Abl than tyrosines 700 and 774. This notion is consistent with the conformity of the sequences surrounding c-Cbl tyrosines 700 and 774, but not 731, to the preferential substrate sites of cAbl (Zhou et al., 1995) . Importantly, these results indicated that ability of various forms of c-Cbl to bind Furthermore, these experiments showed that overexpression of Y731F and Y700F/Y774F c-Cbl aected neither activity of v-Abl (see Figure 11c ) nor tyrosine phosphorylation of important protein substrates, such as PI-3' kinase (see Figure 11a) . Nor was the overall pattern of protein tyrosine phosphorylation aected in cells expressing these forms of c-Cbl (data not shown). These results were consistent with those for wild-type and Tyr 5 -4Phe c-Cbl (Figure 5 ), further arguing that the observed biological eects of c-Cbl in v-Abltransformed cells were not caused by a decrease in vAbl protein tyrosine kinase activity.
Discussion
It has been shown previously that c-Cbl becomes tyrosine phosphorylated in response to a variety of stimuli, and that this phosphorylation modulates the interactions of c-Cbl with several proteins involved in signal transduction. However, the biological functions of c-Cbl remain to be elucidated. In this report, we demonstrate that overexpression of c-Cbl in v-Abltransformed NIH3T3 cells facilitates their adhesion to and spreading on the extracellular matrix. The observed changes in morphology of c-Cbl-overexpressing v-Abl-transformed NIH3T3 cells correlate with a decrease in their colony-forming eciency. Therefore, overexpression of wild-type c-Cbl in these cells appears to suppress signi®cantly the transformed phenotype induced by v-Abl.
Our results demonstrate that tyrosine phosphorylation signi®cantly modulates biological functions of cCbl, since wild-type but not tyrosine phosphorylationincompetent c-Cbl suppresses morphological and growth transformation of v-Abl NIH3T3 cells. It appears that both PI-3' kinase and CrkL are involved in mediating the observed eects of c-Cbl, because mutations disrupting binding of c-Cbl to either of these two proteins signi®cantly reduce the eects of c-Cbl on adhesion, morphology and anchorage-independent growth of v-Abl-transformed NIH3T3 cells. Importantly, the dierential eects of these mutations on biological parameters do not mirror their eects on overall tyrosine phosphorylation of c-Cbl, further It is noteworthy that although neither the Y731F nor the Y700F/Y774F form of c-Cbl is capable of inducing adhesion of v-Abl-transformed NIH3T3 cells, each of these mutant molecules induces morphological changes that appear to be unique from those induced by wild-type c-Cbl or the other mutant form. These results are consistent with the idea that at least two dierent signaling pathways are triggered by the tyrosine phosphorylation of c-Cbl. Each pathway causes a partial response manifested by certain morphological changes of v-Abl-transformed NIH3T3 cells, while simultaneous triggering of both pathways induces adhesion and spreading of a substantial fraction of cells. In spite of the apparent de®ciency of Y731F and Y700F/Y774F to induce cell adhesion, clones overexpressing these mutant forms of c-Cbl show a signi®cant decrease in colony-forming eciency relative to those overexpressing Tyr 5 -4Phe. This suggests that separate triggering of each pathway is sucient to partially inhibit anchorage-independent growth of v-Abl-transformed NIH3T3 cells.
Considering the involvement of CrkL-and PI-3' kinase-binding sites of c-Cbl in its biological eects, as well as the dramatic inhibition of these eects by speci®c inhibitors of PI-3' kinase, it is tempting to speculate that the observed eects of c-Cbl are mediated by the PI-3' kinase/Rho-family-dependent pathway and the CrkL/C3G/Rap1-dependent pathway. Indeed, PI-3' kinase appears to be involved in regulation of cell adhesion, morphology and motility in several cell types (Derman et al., 1997; Keely et al., 1997; Lakkakorpi et al., 1997; Meng and Lowell, 1998; Nakamura et al., 1997; Nobes et al., 1995; Reif et al., 1996; Rodriguez-Viciana et al., 1997; Shaw et al., 1997; Zell et al., 1998) . These eects of PI-3' kinase are dependent on small GTPases of the Rho family (Nobes et al., 1995; Reif et al., 1996; Shaw et al., 1997) , whereas Crk-family proteins appear to be capable of activating the small GTPase Rap1. The latter is known to suppress anchorage-independent growth of Rastransformed ®broblasts and revert the morphology of these cells from refractile to¯at (Kawata et al., 1988; Kitayama et al., 1989) . In addition, Rap1 has been shown to regulate cytoskeletal rearrangements in nonmammalian systems as well (Rebstein et al., 1997) . Furthermore, recent ®ndings describing induction of focal adhesions and actin ®bers by v-Crk in PC12 cells in a Rho-dependent manner (Altun-Gultekin et al., 1998) are also consistent with the idea that both the PI-3' kinase/Rho-mediated and CrkL-mediated pathways are involved in biological eects of c-Cbl. This notion does not rule out the possibility that other c-Cblassociated proteins, such as CAP (Ribon et al., 1998) , may also be involved in c-Cbl-mediated regulation of adhesion and morphology in the corresponding cell types.
One possible mechanism by which c-Cbl can upregulate PI-3' kinase and CrkL-dependent signal transduction may be the recruitment of a fraction of the PI-3' kinase and CrkL molecules to the membrane as a result of simultaneous interactions of c-Cbl with these proteins and other membrane-associated proteins. Indeed, it is known that tyrosine-phosphorylated c-Cbl binds to several Src-family PTKs (see Introduction) expressed in ®broblasts and tightly associated with the membrane. Subcellular localization experiments carried out with several clones overexpressing wild-type c-Cbl or Tyr 5 -4Phe demonstrated that the membrane-bound fraction of wild-type c-Cbl is approximately 1.5-fold higher than that of Tyr 5 -4Phe (9.1+1.3% vs 6.0+1.4%, respectively). These results, as well as data obtained by other researchers (Hartley and Corvera, 1996; Ojaniemi et al., 1997) demonstrating a detectable, albeit modest, increase in the amount of membraneassociated c-Cbl in response to extracellular stimuli, are consistent with the idea that translocation of a fraction of c-Cbl to the membrane resulting in the recruitment of CrkL and/or PI-3' kinase is involved in mediating certain biological eects of c-Cbl. However, the low amount of c-Cbl bound to the membrane and the lack of information about the exact membrane localization of c-Cbl-based protein complexes do not allow for de®nitive conclusions on the role of c-Cbl/membrane interactions in the biological eects of c-Cbl, but require instead further investigation.
To summarize, the ®ndings described in this report support the idea that c-Cbl functions as a multivalent adaptor protein in the signal transduction pathway(s) connecting PTKs to the cytoskeletal rearrangements and formation of adhesion structures. The function of c-Cbl as an adaptor protein appears to be as a trigger of PI-3' kinase-and CrkL-dependent signaling by forming, in a tyrosine phosphorylation-dependent manner, membrane-associated multimolecular complexes with these proteins. It should be noted, however, that in spite of the dramatic eect of tyrosine phosphorylation upon biological eects of cCbl in v-Abl-transformed NIH3T3 cells, the tyrosine phosphorylation-incompetent Tyr 5 -4Phe c-Cbl also increases, to some extent, adhesion of these cells and induces changes in their morphology. These results indicate that protein-protein interactions of c-Cbl independent of its tyrosine phosphorylation status are also involved in the observed biological phenomena. This notion is consistent with the presence of a large proline-rich domain in the c-Cbl molecule, which is known to interact with a variety of SH3-containing proteins, including PI-3' kinase (see Introduction). Therefore, signaling pathways through which c-Cbl exerts its eect on cell adhesion, morphology and anchorage-independent growth remain to be further elucidated. Moreover, additional studies in other experimental systems are required to determine how faithfully the ®ndings described in this report re¯ect biological functions of c-Cbl in tissues where c-Cbl is preferentially expressed in vivo, such as hematopoietic cells.
Materials and methods

Cells
Human renal embryocarcinoma 293T cells (Pear et al., 1993) and untransformed NIH3T3 ®broblasts were purchased from ATCC. 293T cells were purchased upon authorization from the Rockefeller University. v-Abl-transformed NIH3T3 cells were described earlier (Shore and Reddy, 1989) . Cells were grown in DMEM medium supplement with L-glutamine and antibiotics (Gibco/BRL, Grand Island, NY, USA). NIH3T3 and 293T cells were grown in the presence of 10% calf serum c-Cbl tyrosine phosphorylation facilitates cell adhesion EA Feshchenko et al (Gibco/BRL) and 10% fetal bovine serum (Hyclone, Logan, UT, USA), respectively.
Plasmids and retroviral transduction
Mutant forms of c-Cbl were generated as described previously . cDNAs of hemagglutinin (HA)-tagged wild-type and mutant c-Cbl were ligated into the murine stem cell virus transfer vector that carries the puromycin resistance gene (MSCVpac) (Hawley et al., 1994) . This vector was kindly provided by Dr R Hawley (University of Toronto, Toronto, Canada). Packaging plasmids pHIT60 (gag-pol) and pHIT456 (env) (Soneoka et al., 1995) were kindly provided by Dr A Kingsman (Oxford University, Oxford, UK). Retroviral stocks were produced as described previously (Merlo et al., 1998) , and were used to infect target cells. The target cells were then washed and kept in fresh medium for 24 h prior to the beginning of selection. Positive transformants were selected using puromycin (Sigma, St Louis, MO, USA). Cell clones were obtained by limiting dilution of puromycin-resistant cultures, expanded and tested for HA-Cbl expression using immunoblotting.
Antibodies
The anity-puri®ed polyclonal antibodies against c-Cbl (C-15) and CrkL (C-20) and PY20 anti-P-Tyr mouse mAb (IgG2b) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The rabbit polyclonal antiserum against the p85 subunit of PI-3' kinase was purchased from UBI (Lake Placid, NY, USA). The anti-Abl mouse mAb 8E9 (IgG1) was purchased from Pharmingen (San Diego, CA, USA). The anti-paxillin mouse mAb (clone 349, IgG1) was purchased from Transduction Laboratories (Lexington, KY, USA). The antisera to HA tag were raised in rabbits using glutathione S-transferase (GST) fused to the triple HA epitope (GST-(HA) 3 ) as immunogen. The cDNA encoding GST-(HA) 3 was kindly provided by Dr W Langdon (University of Western Australia, Nedlands, Australia). GST-(HA) 3 protein was produced in Escherichia coli using pGEX-2T vector and puri®ed on glutathione-Sepharose columns as described earlier (Tsygankov et al., 1994) .
Immunoprecipitation, immune complex kinase assays and immunoblotting
Immunoprecipitation, immune complex kinase assays and immunoblotting were described previously . Brie¯y, cells were pretreated with pervanadate unless indicated otherwise and lysed in NP-40-containing buer supplemented with protein phosphatase and protease inhibitors. Cell lysates were cleared by centrifugation and incubated with appropriate antisera or speci®c immunoglobulins. Normal rabbit antisera or isotype-matched IgG (Sigma) was used as speci®city control. This was followed by incubation with suspension of Pansorbin (Calbiochem, La Jolla, CA, USA), which was precoated with rabbit antimouse IgG when mouse antibodies were used for immunoprecipitation. Immunoprecipitates were washed in the same buer and used for either immunoblotting or immune complex kinase assays. For immune complex kinase assays, immunoprecipitates were additionally washed in kinase buer containing MnCl 2 and MgCl 2 and then incubated in this buer supplemented with [g-32 P]ATP (NEN, Boston, MA, USA) at a ®nal concentration of 0.5 mCi/ml at room temperature. After stopping the kinase reaction by boiling in SDS, supernatants were collected and diluted 1 : 10 with buer containing Triton X-100 and protease and protein phosphatase inhibitors. Proteins of interest were reprecipitated with the corresponding antibodies as described above. For immunoblotting, proteins of immune complexes were separated by SDS ± PAGE, transferred to nitrocellulose and incubated with appropriate antibodies diluted in blocking buer. Blots were then washed and visualized using autoradiography or enhanced chemiluminescence. The intensity of protein bands was determined, where indicated, using NIH Image software.
Confocal microscopy
Laser scanning (confocal) microscopy was performed using the LSM 410 system (Carl Zeiss). Cells were grown on glass coverslips to 50 ± 70% con¯uence, ®xed in 3.7% paraformaldehyde in PBS for 30 min at room temperature and permeabilized in 0.2% Triton X-100 in PBS for 5 min at room temperature. Proteins and structures of interest were visualized with anti-Cbl, anti-paxillin or phalloidin. Anti-Cbl and anti-paxillin were followed, respectively, by the anitypuri®ed donkey anti-rabbit IgG conjugated to FITC and the anity-puri®ed donkey anti-mouse IgG conjugated to Texas Red (Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Phalloidin was directly conjugated to Texas Red (Molecular Probes, Eugene, OR, USA).
Growth in soft agar
Anchorage-independent growth was evaluated in soft agar assays as described earlier (Shore et al., 1990 (Shore et al., , 1994 . Brie¯y, cells were mixed with molten 0.3% agarose (Promega, Madison, WI, USA) in complete DMEM medium and overlaid on a layer of 0.8% agarose containing the same medium in 60 mm Petri dishes. Dishes were kept in a humidi®ed incubator at +378C, and the number of macroscopic colonies (more than 20 cells per colony) was scored after 3 weeks. Statistical analysis was performed using the one-tailed Mann-Whitney test.
Cell adhesion
Cell adhesion was evaluated in standard 6 well tissue culture plates by washing each well three times with PBS. Then cells remaining attached were removed using a cell lifter. Both adherent and detached cells were counted and the percentage of adherent cells was determined.
Apoptosis ELISA
To assess apoptosis, cytoplasmic cell lysates were analysed for the presence of DNA/histone complexes as described (Salgame et al., 1997) . Brie¯y, cytoplasmic lysates were incubated in microtiter plates coated with a capture mouse anti-histone H2B mAb, and then DNA/histone complexes were detected using a mouse mAb speci®c for the nucleosome subparticle composed of DNA and histones H2A and H2B.
Subcellular fractionation
Cells were fractionated into cytosolic and particulate fractions as described (Hartley and Corvera, 1996; Ojaniemi et al., 1997) . Brie¯y, cells were disrupted using a Dounce homogenizer, the resultant mixture was cleared of unbroken cells and nuclei using low-speed centrifugation, and the lowspeed supernatant was centrifuged at 100 000 g to separate the cytosol from the pellet containing membranes and cytoskeletal structures. The obtained fractions were subjected to immunoblotting with anti-Cbl. The obtained blots were then quantitated as described above to determine the portion of total c-Cbl in the particulate fraction.
Abbreviations HA, hemagglutinin; mAb, monoclonal antibody; PBS, phosphate-buered saline; PI-3' kinase, phosphatidylinositol-3' kinase; PTK, protein tyrosine kinase; P-Tyr, phosphotyrosine; SDS ± PAGE, sodium dodecyl sulfatepolyacrylamine gel electrophoresis.
